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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ The texture of surfaces within a Piston Cylinder Assembly (PCA) can influence the 23 pressure performance of gas-operated Dead Weight Pressure Balances (DWPB). In order 24 to systematically study this response, it has been necessary to design, develop and 25 manufacture uniquely interchangeable 35mm diameter PCAs for use in a novel hybrid gas-26 operated DWPB with high mechanical, thermal and pressure stability. This work reports 27 the development of the PCAs and the validation of the DWPB design, allowing the 28 performance characteristics of the interchangeable PCAs to be understood, in terms of 29 variations of effective area calculations. This is achieved by investigating the pressure 30 responses of the DWPBs by changing the speed and direction of rotation. The results 31 demonstrate the stability of the gas-operated DWPB design when used in gauge mode, and 32 importantly allow the verification of the performance of the interchangeable PCAs.
INTRODUCTION 34 35
Dead Weight Pressure Balances (DWPBs) are widely used around the world to generate 36 pressures with high levels of accuracy, from several kPa to several hundred MPa [1] [2] [3] . 37
Both, hydraulic and gas operated DWPBs provide one of two primary methods for deriving 38 pressure from the base units of mass, length and time; the other being the liquid manometer 39 [1] [2] [3] . One of the major differences between these two (the DWPB and the manometer) 40 types of instrument is their measuring range, where the former can measure in a very wide 41 range, whilst the latter is usually limited to near atmospheric pressure regions. 42
43
The DWPB's principle component consists of a Piston-Cylinder Assembly (PCA) with a 44 known effective area (A 0 ) , which is oriented vertically to the earth's gravitational force. A 45 PCA consists of a finely lapped and polished piston, fitting into a geometrically and 46 dimensionally matching cylinder of similar surface characteristics. 47
48
Weights of known mass can be loaded onto the piston, so that the upward vertical force 49 (due to the pressure) acting on the piston (across the A 0 ) exactly balances the total 50 downward gravitational force, so that at equilibrium the piston floats while falling at its 51 natural fall rate. The piston and weights are rotated during operation in order to alleviate 52 frictional components and to ensure concentricity, thus helping the piston to float freely 53 [2, 3] . It should be noted that in some DWPB designs, the cylinder may be rotating instead 54 of the piston [4] , but the physical principle remains the same. 55
56
The pressure is defined as the ratio of the total downward gravitational force to the A 0 , 57 where A 0 is most commonly determined through a comparison against another DWPB or a 58
The current method for determining the effective area of a PCA relies on the neutral 79 surface between the cylinder and piston walls, with A 0 currently being defined as [2, 5] :  80   81   82   83 where r 0 is the radius of the piston at the lowest extent of the engagement length between 84 piston and cylinder; h 0 is the radial separation between two surfaces of the piston and 85 cylinder at the same level as r 0; p 1 is the pressure being applied at the lowest extent of the 86 engagement length , p 2 is the pressure around the top end of the piston (atmospheric 87 pressure in gauge mode operation, or reference vacuum for absolute mode operation); u 88 and U are the radial deviations from the radii of the piston and cylinder respectively at the 89 lowest extent of the engagement length. For a PCA with a perfect geometry (u = U = 0, i.e. 90 constant radial clearance) the effective area, A 0 is exactly the arithmetic mean of the area of 91 piston and cylinder [3] . 92
93
Theoretical understanding and manufacturing improvements have allowed the gas-operated 94 DWPB to develop over the last forty years, resulting in pressure determination from a few 95 kPa to several hundred MPa. However in practice, besides the effects of gas leakage 96 through the PCA clearance, other possible sources of uncertainty have been recognised, 97 such as inconsistencies in PCA geometric form, inclination of the PCA, eccentricities of 98 applied load etc [6], although not necessarily quantified. One aspect which has not been 99 reported is the affect that piston (and/or cylinder) surface texture or structure, has on the 100 fluid flow characteristics and hence the effective area determination. This is an element 101 that is not modelled or taken into account within Eqs 1 and 2. 102 The development of the DWPB detailed in this work, has been necessary to allow straight 127 forward PCA interchangeability, resulting in a unique design [10, 11] that recognises 128 elements of other pressure balances [2, 12, 13] . The DWPB design has been optimised to 129 specifically enable research to be completed on understanding dimensional tolerance and 130 surface characteristic issues of the 35mm PCAs. However, this has necessitated the 131 understanding of various potential error sources, and specifically in this case, issues of spin 132 direction and spin speed and the effect on the generated pressures at low rotational speeds. 133 134
Piston cylinder assembly (PCA) 135
Pistons and cylinders were manufactured from Dymet Grade DF6 Tungsten Carbide (Table  136   1 Steel upper-bearing washer acted as a supporting mechanism when pressure decreased 168 below the lower equilibrium point. This mechanism enabled the piston and associated 169 weights to rotate on the thrust bearing while the piston was fully seated. 170 171 A ball bearing was used as a non-rigid point load interface mechanism between the piston 172 and the overhang-type weight loading bell. 316 Stainless Steel ring weights were stackedand other load elements were UCAS traceably calibrated). Consequently loaded weights 176 were free to pivot, while maintaining the center of gravity coincident with the piston's axis. 177
This design eliminated non-vertical (side loading) forces which may occur due to slight 178 misalignment of loaded components [13] . 179 180 The window-type weight loading bell was designed and manufactured with four windows 181 (each 210 mm long and 40 mm width); to avoid having escaping gases (e.g. nitrogen 182 through the PCA clearance) from introducing any additional source of error in equilibrium, 183 to ensure that system exposure to ambient room temperature was maximized, and to reduce 184 the initial mass value hence reducing the starting pressure point. The piston and loaded 185 weights were rotated manually during operation, which demonstrated better temperature 186 control compared to thermal input from a motor-driven DWPB. 187 
3.1
Cross-floating and spin/speed experimentation 238
An arrangement for a traditional cross-floating experimentation is shown in Figure 3 . 239
Effective areas of 2 combinations of the PCAs were determined at 100 kPa using purified 240 nitrogen (99.998% N 2 ). A combination of Piston 2 (P 2 ) and Cylinder 3 (C 3 ) was used as a 241 reference (known as P 2 C 3 ). Test PCAs were combinations of Piston 4 (P 4 ), Cylinder 2 and 242
Cylinder 4, known as P 4 C 2 and P 4 C 4 respectively. In order to minimise the error of the total 243 mass loaded on both pistons, the reference DWPB (P 2 C 3 ) and the test DWPB (P 4 C 2 and 244 P 4 C 4 ) weight sets were mutually exclusive. High accuracy trim weights (Mettler-Toledo 245 class F1 weight, 1mg to 100g), were used for balancing purposes. 
Determination of equilibrium conditions 256
The natural fall rate of the reference DWPB (P 2 C 3 ) was initially established using a non-257 contact Eddy Current displacement transducer (eddyNCDT 3300 -Micro-Epsilon 258
Messtechnik GmbH) with a linear resolution of 1 µm. The reference level of the test 259 DWPB (P 4 C 2 or P 4 C 4 ) was measured using a Mitutoyo height gauge (20µm resolution). 260
The fall rate value of the reference DWPB was established with P 2 C 3 in a floating and 261 rotating condition at its mid-float position, with ball valve V1 closed. 262
263
The equilibrium conditions were assessed using the differential pressure method, (acting as 264 a null indicator), with a pressure transducer connected across an isolation ball valve (V3). 265
The differential pressure sensor used was a high-accuracy capacitance diaphragm sensor 266 (MKS Type 698A, 1 Torr range), set to 400 msec response time and 0.01 Pa resolution, 267 corresponding to 0.1 ppm at 100 kPa. The smallest trim weight (sensitivity weight) that 268 produced a detectable pressure change was a 2 mg weight (0.2 ppm at 100 kPa). traceability of the reference and test PCAs. P 2 C 3 (reference PCA) was cross-floated at 50 292 kPa, 75 kPa, 100 kPa, 200 kPa, 300 kPa and 400 kPa, in falling and rising mode, whilst 293 P 4 C 2 and P 4 C 4 were cross-floated at 100 kPa only. The calibrated and traceable effective 294 area values for the three PCAs identified in this work are detailed in Table 2 . 295 296 Initially, two cross-float experiments were performed sequentially using P 4 C 2 and P 4 C 4 297 respectively, without any mechanical adjustment of the Test DWPB unit (apart from PCA 298 change). Both DWPBs operated with a sensitivity-of-equilibrium of 0. Assemblies can be efficiently manufactured to appropriate pressure related tolerances, and 340 specifically allow different pistons to be used in common cylinders, with very limited 341 variability of pressure performance. Hence PCA interchangeability has been achieved. This 342 is a significant step forward in the pressure metrology optimisation research. Through 343 careful manufacture, this will allow a large set of pistons to be developed which will be 344 interchangeable, providing a range of piston surfaces that may be modified with respect to 345 surface texture. 346 347 Secondly a simplified, novel, hybrid gas-operated DWPB design has been produced and 348 operated in gauge mode, which exhibits high mechanical, thermal and pressure stability. 349
This provides a stable platform for subsequent interchangeable PCA evaluation at low 350 rotational speeds. It has been demonstrated that no significant differences in effective area 351 determination will occur as a function of rotational speed and rotational direction 352 specifically in the range 30 -90 rpm (0.5 -1.5 Hz). At present, these systems have not 353 been systematically tested at speeds higher than 90 rpm. Table 3 : Summary of results of effective area determination for P 4 C 2 and P 4 C 4 . 433 Effective area versus rotational speed/direction for P4C4 against P2C3 444
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